The use of mobile devices equipped with embedded batteries is increasing. These embedded batteries are generally lithium-ion batteries in the form of a pouch. However, if an impact is applied to the embedded battery, it can potentially lead to fire and explosion. In this study, we analyzed the safety of the battery, depending on the material and shape of the surrounding pouch. Through tensile strength assessment, an elongation measurement experiment, and impact evaluation, the elements that can improve safety were found. The analysis results confirmed that, as the tensile strength and elongation increased, the impact defect rate decreased. Applying these findings to battery manufacturing can help secure impact safety.
Introduction
The use of batteries to supply power to portable equipment is rapidly expanding. In order to reduce the size and weight of such equipment while ensuring long-term capacity, lithium-ion batteries, in particular, are increasingly being used. That is, research into increasing the energy density of a lithium-ion battery with a high voltage is underway. For example, a high-performance battery that meets the above performance has been achieved by increasing the aspect ratio [1, 2] . However, as the aspect ratio increases, there are certain safety risks to the battery. It may be vulnerable to dropping, impact, penetration, or fire. In particular, current mobile devices are being released with the battery embedded, as opposed to with a removable battery. In the case of the embedded type of battery, as the battery case is a soft case rather than a hard case, it may be vulnerable to safety problems. Embedded batteries are mainly of the pouch-type.
As the usage of portable devices with these embedded, pouch-type batteries increases, safety issues such as fire and explosion are being raised. The major causes of fire and the explosion of lithium-ion batteries are external shock, external heat, internal short, external short, overcharge, and so on, and the causes of these incidents include battery components and structural or design problems [3] [4] [5] . In particular, there is a risk of fire or explosion when a consumer impacts a portable device. In order to prevent this, it is necessary to study the impact safety problem of polymer lithium-ion batteries.
Along this research trend, various studies have been conducted in order to secure the safety of the battery. For example, studies have been carried out to improve safety by coating the battery separator [6, 7] , and studies have also been conducted to improve the performance according to the structural stability of the internal cathode material and the anode material [8] [9] [10] . In addition, studies have been carried out to improve the safety of the battery by substituting the liquid electrolyte with a polymer electrolyte [11, 12] , and to secure the capacity and safety by changing the composition of the anode and cathode [13] . Although a variety of studies have been conducted on the materials and compositions of batteries [14] [15] [16] , research on the influence of the external materials on the structural problems and protection of the battery is insufficient.
Therefore, in this paper, we analyze the impact durability according to the physical characteristics of the pouch that surrounds the battery, in order to ensure impact safety. For this purpose, physical performance tests were conducted to analyze the tensile strength, elongation, internal absorption energy, splitting rate, and breaking force of pouches. The impact test was carried out in accordance with the international standard UL1642 [17] . A safety analysis was conducted for each physical element, and the impact safety index and influence parameter of the impact were derived. We also fabricated a battery with the analyzed parameter type, and experimentally assessed the impact safety of the proposed battery.
Pouch Type Lithium Ion Battery
In this section, we describe the structure of the pouch-type lithium ion battery applied in this study and describe the material and role of pouch construction in detail.
Pouch-Type Battery Configuration
The pouch-shaped lithium-ion battery is configured as shown in Figure 1 . The inside consists of four components, namely: a cathode material, an anode material, an electrolyte, and a separator. The cathode is subjected to a reduction reaction, the anode is subjected to an oxidation reaction, and the separator is located between the two electrodes so as to prevent an electrical short circuit. An electrolyte acting as an ion conductor is also used. In order to protect the internal material, the battery is wrapped in a pouch [18] .
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Pouch Material Characteristics
The pouch used for a typical battery consists of five layers, as shown in Figure 2 . The outermost base layer (Oriented Nylon) is a material for ensuring formability and insulation. An adhesive with dry lamination is used to maintain the laminate strength between the base layer and the barrier layer. The barrier layer is typically made of aluminum so as to maintain moldability and airtightness. An adhesive layer (S-adhesive or adhesive with polypropylene) is needed in order to maintain the water vapor barrier properties, as well as the adhesion between the barrier layer and the sealant layer. The sealant layer (casting polypropylene (CPP) or polypropylene (PP)) is a layer for maintaining the 
The pouch used for a typical battery consists of five layers, as shown in Figure 2 . The outermost base layer (Oriented Nylon) is a material for ensuring formability and insulation. An adhesive with dry lamination is used to maintain the laminate strength between the base layer and the barrier layer. The barrier layer is typically made of aluminum so as to maintain moldability and airtightness. An adhesive layer (S-adhesive or adhesive with polypropylene) is needed in order to maintain the water vapor barrier properties, as well as the adhesion between the barrier layer and the sealant layer. The sealant layer (casting polypropylene (CPP) or polypropylene (PP)) is a layer for maintaining the sealing strength, as well as securing the heat-resistant and insulating property. Based on the barrier layer, the outer layer is composed of biaxially-oriented nylon, while the inner layer is composed of non-elongated CPP or PP [19] .
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Pouch Performance Analysis
In order to analyze the physical performance of the pouch, the tensile strength and elongation were measured. The pouch-type battery was subjected to impact evaluation according to UL1642 [17] . The effects of the measured factors on the battery safety are described as well. [20] The tensile strength and elongation were measured using a universal testing machine equipped with a crosshead moving at a constant speed, and an upper grip and a lower grip fixing the test specimen. The tensile strength and elongation may vary depending on the preparation method of the test piece, the speed of the test, and the environment. Therefore, these factors must be taken into consideration during the preparation of the test specimen. The specimens should always be prepared in the same way, and samples should be collected from the specimens while avoiding the corrugated or folded parts. In addition, the specimen should be sampled separately from the machine direction (MD) and transverse direction (TD). The size of the specimens should be uniformly determined as a width of 10 cm and a length of 10 cm. When the specimens are prepared, the specimens to be measured should be placed in the upper grip and lower grip of the universal material tester, and then the tensile strength and elongation should be measured based on the maximum load, which can be pulled up until being destroyed. In this study, an AGS-Retrofit universal testing machine from Shimadzu Co. was used.
Tensile Strength and Elongation Measurement

Tensile Strength Properties
Tensile strength is the maximum load that the specimen can withstand until it is disconnected, divided by the fabric area of the parallel part. If the tensile strength of the pouch is lower than the sealing strength, the pouch on the impact surface has a high possibility of splitting. Yield strength is the stress at which the material will begin to undergo macroscopic plastic deformation. Stress and deformation occur when a load is applied to an object. At this time, the stress is directly proportional to a certain value. Here, the maximum limit at which the direct proportional limit is maintained is called the proportionality limit. In this case, fracture means a plastic or ductile fracture of Al, PE, and so on. 
Pouch Performance Analysis
In order to analyze the physical performance of the pouch, the tensile strength and elongation were measured. The pouch-type battery was subjected to impact evaluation according to UL1642 [17] . The effects of the measured factors on the battery safety are described as well.
Tensile Strength and Elongation Measurement
The tensile strength and elongation were measured using a universal testing machine equipped with a crosshead moving at a constant speed, and an upper grip and a lower grip fixing the test specimen. The tensile strength and elongation may vary depending on the preparation method of the test piece, the speed of the test, and the environment [20] . Therefore, these factors must be taken into consideration during the preparation of the test specimen. The specimens should always be prepared in the same way, and samples should be collected from the specimens while avoiding the corrugated or folded parts. In addition, the specimen should be sampled separately from the machine direction (MD) and transverse direction (TD). The size of the specimens should be uniformly determined as a width of 10 cm and a length of 10 cm. When the specimens are prepared, the specimens to be measured should be placed in the upper grip and lower grip of the universal material tester, and then the tensile strength and elongation should be measured based on the maximum load, which can be pulled up until being destroyed. In this study, an AGS-Retrofit universal testing machine from Shimadzu Co. was used.
Tensile Strength Properties
. Elongation Properties
The elongation is calculated according to the length of the specimen after the fracture, as measured through the tensile test, as shown in Equation (1) .
where L x is the final gage length and L o is the initial gage length. If the elongation of the pouch is low, there is a high probability that the pouch will be destroyed in the impact experiment.
Measured Data by Pouch Material
The characteristics of the material constituting the pouch are shown in Table 1 . The tensile strength of nylon is the largest, followed, in order, by those of PP, and then Al. Nylon has the largest elongation compared to the other materials. Nylon also has the greatest tensile strength and elongation in the pouch element, which has the greatest effect on the strength of the pouch. MD is machine direction and TD is transverse direction. The sample in the same direction as the direction in which the pouch is made is the MD, while the sample taken in the vertical direction is the TD sample. As the measured values differ according to MD and TD, both experiments were conducted. Next, the tensile strength and elongation were measured according to the thickness of the pouch. The thickness of the pouch is most related to the thickness of the Oriented Nylon Layer (ONy) layer. That is, the material of ONy is the significant factor. The measurement results are shown in Table 2 . Based on the analysis results, it can be seen that the increased thickness of the pouch leads to a higher tensile strength and elongation. However, as the thickness of the pouch affects the thickness of the battery itself, it is necessary to select an appropriate thickness according to the characteristics of the product. The differences in thickness between pouches A and B are 3 µm in the ONy layer, and 4 µm in the Al layer, respectively.
Impact Evaluation
The impact evaluation was carried out by constructing the system, as shown in Figure 3 . First, the impact rod (diameter 15.8 mm) was placed on the lithium-ion secondary battery and dropped with a fall weight (9.1 Kg) at a height of 61 cm, and then the result was measured. The test procedure complies with the international standard UL1642. After the falling weight was dropped free, the surface temperature was observed, and the appearance of the battery was monitored for 10 minutes without fire and explosion. At this time, the Li-ion battery must be in the L0, L1 state in order to be safe for impact, where L0 is a state in which there is no fuming, fire, or explosion, and there is also no electrolyte leakage. L1 is a state in which there is no fuming, fire, or explosion, but an electrolyte leakage occurs.
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Impulse and Impulsive Force
The lithium-ion battery receives an impulse and impulsive force when the impact occurs. Assuming that the amount of impulse is the same, the shorter the impact time, the greater the impulsive force. This increases the probability of pouch splitting and increases the probability of heat generation. That is, the rate of impact failure is increased [21] .
The impulse, which is the physical quantity representing the degree of impact received by the object, has a magnitude and direction. The magnitude of the impulse (I) is calculated as the product of the force (F) acting on the object and the time (∆t) acting on the force, as shown in Equation (2) .
Impulsive force is the force received by an object when it collides. As shown in Equation (3), the magnitude of the impact force is equal to the amount of change (m∆v) in momentum during the unit time (∆t).
When the impulse amount is the same, the impulsive force becomes smaller as the impact time increases.
The safety of the pouch is determined based on the results of the above experiment. Pouch splitting means that the cell top/bottom is immediately cut and divided into pieces after the impact test. A low probability of pouch splitting indicates that the amount of impulse is reduced. This may lead to a decreased rate of impact failure, where the rate of impact failure means the probability of fire and explosion caused by collision. That is, the pouch should be made to absorb the impulse. It is also important to select the materials accordingly.
Impact Evaluation and Analysis Results
The variation of the pouch according to tensile strength and elongation is shown in the experiment in Section 3.2. The thicknesses of empty space of pouch A and pouch B are 35 µm and 36 µm, respectively. In the case of the pouch B, it is improved by using shrinking ONy. The experimental results are shown in Figure 4 . In case A, no thickness deformation occurs in the same way as TD and MD following impact testing. On the other hand, in the case of B, both thicknesses of TD and MD are reduced by about 20%. The above results indicate that, in the case of pouch B, the elongation of the Al base increases and the thickness decreases. In other words, the decrease in thickness means that pouch B is deformed by the external impact and absorbs the external impact. The results of the test confirm that the performance of the pouch was greatly affected by the tensile strength and elongation. Experiments have shown that the tensile strength and elongation should be increased so as to reduce pouch cuts. That is, as the probability that the pouch is completely cut because the impact is lowered, the degree of safety is improved [22, 23] . Section 4 shows the results of the experiments obtained using the analysis results.
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Battery Performance Test According to Pouch Type
In this section, the battery was manufactured and tested based on the results presented in Section 3. The impact test was performed by fabricating a pouch with increased tensile strength and elongation Energies 2019, 12, 2865 7 of 10 of the pouch so as to be strong against impact. Then, the rate of impact failure was calculated. The experimental battery was designed as shown in Table 3 . The detailed manufacturing specifications are shown in Table 4 . Following battery fabrication, the battery is charged at a constant voltage of 4.2 V, at a constant current of 0.5 C and cut-off of 0.05 C. 
Experimental Method
In the collision test, 20 samples were prepared for evaluation, and then a large-sized battery was placed face-up, a collision rod with a diameter of 15.8 mm perpendicular to the longitudinal direction of the battery was placed, and a weight of 9.1 kg was dropped once from a height of 61 cm. Thereafter, the temperature of the battery was maintained until reaching 40 • C or lower, and then the test apparatus was removed and the surface temperature and appearance of the battery were observed for 10 minutes without fire and explosion. During collision testing, the shocked battery may ignite or explode. Therefore, the testing should be carried out in a safe chamber, care must be taken to avoid the risk of fire, and toxic gas may be generated as a result of fire [24] . Figure 5 shows the type of pass or failure. In the above case, the pouch is cut completely, the cut surface comes into contact with the air, and there is a high risk of fire and explosion. In fact, thermal runaway occurred in one cell. In the following cases, as there are few air contact surfaces, the pouch is not cut, and the risk of fire and explosion is low. If it is completely broken, it is considered to be a failure, and vice versa.
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Experiment Result
Three types of pouches were prepared with different thicknesses and tensile strengths. The output and capacity are the same, and the pouches are categorized as C, D, or E, depending on the material used for the pouch. Twenty polymer battery cells with a 4.4 V output and a capacity of 2500 mAh were produced by type. Table 5 shows the characteristics of each cell. Table 6 shows the detailed thickness of each pouch type. The experimental results show that a higher thickness leads to a higher tensile strength and elongation, as well as a lower rate of impact failure. Comparing the C and E yields, a failure rate of 20% difference was observed according to the differences in tensile strength and elongation, according to the internal material used, even when the thickness was the same. 
Three types of pouches were prepared with different thicknesses and tensile strengths. The output and capacity are the same, and the pouches are categorized as C, D, or E, depending on the material used for the pouch. Twenty polymer battery cells with a 4.4 V output and a capacity of 2500 mAh were produced by type. Table 5 shows the characteristics of each cell. Table 6 shows the detailed thickness of each pouch type. The experimental results show that a higher thickness leads to a higher tensile strength and elongation, as well as a lower rate of impact failure. Comparing the C and E yields, a failure rate of 20% difference was observed according to the differences in tensile strength and elongation, according to the internal material used, even when the thickness was the same. Comparing D and E, one can see differences in tensile strength and elongation depending on the thickness, resulting in a failure rate difference of about 40%.
The results confirmed that the tensile strength and elongation were effective factors in securing impact safety. In order to increase the tensile strength and elongation, the thickness of the pouch should be increased. However, if the elongation of the Al layer cannot be secured because of the thickness, collision failure may occur. That is, the ONy layer material, in which the Al layer is capable of absorbing the impulse, must be applied to the pouch. The E-type pouch uses the shrinkable ONy layer material, and the pouch is confirmed to be superior, in terms of safety, to the other types. It is considered that the adhesion between the pouch layers is improved, and that the tensile strength and elongation are increased. Thus, the elongation of the Al layer was sufficiently secured, and the optimal performance was exhibited in the impact test.
The above results suggest that a pouch-type lithium ion battery that can secure the collision safety of a mobile device equipped with an embedded battery can be designed. 
Conclusions
In this paper, a method to secure the impact safety of the battery was investigated. In particular, the factors that can secure the safety of the pouch-type lithium-ion battery applied to the embedded battery were analyzed. The rate of impact failure was measured according to the material of the pouch surrounding the battery, and the results differed according to the tensile strength, elongation, and thickness. As the tensile strength and elongation vary depending on the material used in the five layers constituting the pouch, when the tensile strength and elongation at the optimal thickness are secured, the collision safety of the battery may be increased. In this study, the optimal impact safety rate was obtained when the thickness was thicker than 111 µm, tensile strength was more than 71 N/mm 2 , and the elongation exceeded 45%.
In future research, we intend to carry out a study to secure the impact safety according to the influence of the internal material of the battery. 
